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Executive Summary

The interfacial area, also known as the effective mass transfer area, is a key factor for determining the
mass transfer for carbon dioxide (CO;) capture via the chemical absorption process in a packed column,
and thus the overall capture efficiency of the packed column. Most of the widely used empirical and semi-
empirical models for interfacial area were derived indirectly through absorption mass transfer with
simplifications based on fast chemical kinetics. This report presents the comprehensive unique multiscale
approach to develop a surrogate model for effective mass transfer area in structured packed columns that
accounts local hydrodynamics as well as variation in physical properties, and changes in packing surface
characteristics. The effective contact angle on the packing surface, which describes the packing surface
and solvent interaction, was measured using the modified Wilhelmy plate method accounting the physical
properties of solvent, CO; loading, and temperature. Next, a comprehensive CFD simulation campaign
based on the design of experiments (DOE) were performed to derive a surrogate model of the effective
mass transfer area that takes into consideration the physical properties of solvent, contact angle, local
hydrodynamics, etc. The developed surrogate model was integrated into the ASPEN PLUS process
modelling via a compiled FORTRAN subroutine in form of .dll file. This surrogate integration with the
into process modelling takes into account the effective mass transfer area in order to capture CO,
absorption in each stage of the column. The present multiscale approach has advantage of two-way

coupling i.e. interchanging information both direction: 1, ASPEN PLUS to surrogate model (temperature,
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physical properties, CO, loading, etc., at each stage) and 2. Surrogate model computes the effective mass
transfer area for determining CO, absorption. This unique and promising capability can aid process
modeling to accelerating the carbon capture technology at column scale, particularly supporting large

scale pilot experiments.
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Graphical Summary
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1. Introduction and Background

Carbon dioxide (COy) is the most important greenhouse gas (approximately 66% of the radiative forcing
by the long-lived greenhouse gases) in the atmosphere that absorbs and radiates incoming solar radiation
to earth surface, consequently heating the lower atmosphere [1]. Efforts for limiting anthropogenic
warming to 1.5°C was crucial declaration of the Paris Agreement [2]. Fossil fuel CO; emissions have
consistently increased during the last couple of decades, with coal-fired power plants as the primary
source of CO; emissions [3, 4]. Therefore, reducing the emission is essential to mitigate the impacts of the
global climate challenge. Solvent absorption based carbon capture system (CCS) can be a promising
technology in power plants among the various available technologies [5]. The absorption is carried out
using countercurrent gas—liquid flows in a packed column for enhancing effective mass transfer area.
Structured packing provides a large surface area for mass transfer between the phases with minimum
pressure drop across the column [5]. A structured packing is generally made of corrugated sheets arranged
in a crisscross fashion that combine to form a single layer of the packing element. The column is filled
with multiple layers of these packing units that are rotated with respect to one another. The hydrodynamic
performance of a packed column is complex and is determined by various factors such as solvent
properties, liquid and gas loads, packing surface features, column design, etc. Therefore, a better
understanding of hydrodynamics particularly effective mass transfer area/ interfacial area would aid in
packed column design and operation optimization. In this context, computational fluid dynamic (CFD)
simulation can be leveraged during the design phase to achieve economic and efficient solutions. It is
worth noting that CFD does not replace the experiments, but it can reduce the number of experiments
required while also complementing the setup and analysis. CFD has been receiving recognition for
investigating the hydrodynamic characteristics in structured packings over the last couple of decades [9-

13]
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Structure packed columns have length scales of several meters, diameter ranging from 5 to10
meters, and column heights of 20 to 30 meters [6, 7]. In comparison, the packing’s characteristic
dimensions are significantly smaller, with typical layer of corrugated structured packing measuring
approximately 20 centimeters in length. Furthermore, thickness of liquid film thickness is measured in the
order of tenth of millimeters. These underlying phenomenon in these length scales cannot be
simultaneously resolved in a single computational model; that is, it is computationally infeasible to
perform computational simulations while accounting for local gas-liquid interactions and packing
geometry. As a result, a multi-scale strategy is necessary including micro, meso and macro scales [7].
This strategy can provide useful insights into the hydrodynamic behavior at different scales, with studies

of interfacial area often being considered at the packing geometry level.

Interfacial area/effective mass transfer area is a critical factor for absorption efficiency, and
maximum interfacial area in a packed column is desirable to improve column efficiency. Interfacial area
generally reflects the solvent flow pattern within the commercial column. Consequently, several
experimental and computational efforts have been reported. Using chemical absorption, Tsai et al [8-11]
investigated the effect of viscosity on interfacial area as a function of liquid load in three structured
packings. While effective area increased with liquid load, no dependence on viscosity was reported.
However, surface tension has marginal impact on the effective mass transfer areca. As has been noted
elsewhere [12], however, an increase in liquid viscosity was achieved by an additive that simultaneously
led to a significant decrease in surface tension. Janzen et al. [12] used X-ray computer tomography
(XCT) to analyze the influence of viscosity and liquid load on both liquid hold-up and interfacial area in
MellapakPlus 752.Y structured packing. Both hydrodynamic quantities were observed to increase with

either increasing viscosity and/or liquid load.

Multiphase studies using the VOF method were focused on the wetting corrugated sheet, which
was arranged similar to the packed column by Shojaee et al. [13] and Subramanian and Wozny [14].

Shojaee et al. [13] indirectly calculated interfacial area via the average value of film thickness and liquid
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holdup in Gempak 2A packing. Furthermore, flow simulations were conducted in the representative
elementary unit (REU) replicating identical hydrodynamics of the packing unit of structure packed
column [15-18]. Ataki and Bart [19] conducted flow simulations in REU of Rombopack packing to study
the impact of solvent properties on wetting, and also derived a correlation for the interfacial area. Haroun
et al. [16] also used the VOF method to investigate the hydrodynamics in REU of Mellapak 250.X. The
effects of solvent flow rate and contact angle on the interfacial area were investigated. Basden [15] also
investigated the interfacial area and liquid holdup in the REU of packings. The effect of different
parameters affecting hydrodynamics were studied. Sebastia-Saez et al. [17] also investigated a meso-
scale model based on REUs of the MontzPak B1-250 packings to compute the interfacial area. Recently,
multiphase flow investigations [18] in the REU of Gempak 3A were extensively conducted to develop
correlation for interfacial area and liquid holdup in a packed column. The proposed correlations account
for impacts of solvent properties, liquid load, and contact angle. Singh et al [20] continued further
numerical studies to investigate the impact of prewetting and dynamic contact angle on the effective area
in the REU of Mellapak 250.Y packing. The dynamic contact angle has a marginal effect on the
interfacial area compared to the corresponding one predicted using static contact angle. However, the
REU approach has some implication due to its small size and ability to feed the solvent from the top edge

of sheet and have potential deviations in capturing the hydrodynamics at large industrial scale.

Wetting of columns is strongly connected to the packing surface behavior [21], including contact
angle, surface texture, and sheet design. The contact angle is a property of solid-liquid systems in a
specific environment [22] and a solvent contact angle varies based on the solid surface. A lower contact
angle value promotes wetting, increasing the effective mass transfer area [23, 24]. Furthermore, surface
texture or embossing increases wetting of the packed column [11, 25] by reducing the apparent contact
angle [26, 27]. Recent studies of a rivulet falling over an inclined plate [24] and a single corrugated sheet
[28] showed that the influence of contact angle on the surface area is linked to the surface tension of the

solvent. The influence of the contact angle on the interfacial area [23, 24, 28] was found to more
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significant for a solvent with a lower surface tension. The contact angle is difficult to measure since it is
influenced by various factors such as packing material type, surface roughness, solvents, temperature, etc.
[29]. Packing sheet of structured packed column may have been mechanically processed and have surface
features on a micro and macro scales in the form of corrugation, bunches, and holes (Fig. 1). The surface
texturing scatters the contact angle data in optically measurement with sessile droplets, [8]. Therefore,
enhancing accuracy of the contact angle measurement is critical for predicting the effective mass transfer
area thereby performance of packed columns for CO, capture. The effect of the packing geometry and
features on wetting properties and, hence CO, capture efficiency, can be considered when estimating

calculating effective contact angle.

Fig. 1: (a) Photograph shows the design of a packing unit of Mellapak column built with perpendicular
arrangement of corrugated sheets (source: https://www.sulzer.com). (b) Design of corrugated sheet
to construct the computational model of packing unit of Mellapak packed column.

The wetting of the packing surface in the structure packed column is complex process that is still
not fully understood at large scale, i.e industrial scale. Few attempts have been made to explain the local
hydrodynamics in the packed column while taking into consideration all physical properties, temperature,

CO; loading and packing surface characteristics. In this effort, multiscale simulation framework is
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developed that is based on two-way coupling of CFD simulation for hydrodynamics with process

modelling that incorporates reaction kinetics and thermodynamics in the commercial scale column.

This report presents the comprehensive unique multiscale approach to develop a surrogate model
for effective mass transfer area in a structured packed columns for supporting pilot scale experiments.
The effective contact angle on the packing surface, which describes the packing surface and solvent
interaction, was measured using the modified Wilhelmy plate method accounting the physical properties
of solvent, CO2 loading, and temperatures in Chapter 2. In Chapter 3, a comprehensive CFD simulation
campaign based on the design of experiments were performed to derive a surrogate model of the effective
mass transfer. The integration of developed algebraic surrogate model into the ASPEN PLUS process

modelling is discussed in Chapter 4. In the last chapter, we conclude the summary of the work.
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2.  Contact angle measurement using modified Wilhelmy Plate
method
The wetting behavior via solvent composition was performed by dynamic contact angle measurements of
the tensiometer with the pre-determined surface tension correlation. The Mellapak sheet was selected for
contact angle measurements. Contact angle was measured by submerging and withdrawing the Mellapak
coupon in and out of the solvents. The wetting length of the coupon was calculated using corresponding
3D — XCT scanned images. The effective contact angle for a given pair of packing coupon and solvent
were calculated using the coupon model, solvent properties and tensiometer force. The methodology,
experimental setup, and contact angle measurement using the modified Wilhelmy plate method are
extensively explained in the previous report [30], therefore brief overview are provided for the sake of

brevity.

2.1 Wilhelmy plate method

The Wilhelmy plate technique [27], developed by Ludwig Wilhelmy, is used to measure surface tension
and adhesion/cohesion for a particular surface and solvent pair using a tensiometer. This approach
involves slowly immersing and retracting a coupon, whose weight is recorded using a microbalance, into
and out of a solvent to allow wetting and direct measurement of surface tension and dynamic contact
angle. The Wilhelmy plate method is based on force balance, which means balancing the interfacial
tension force and gravity acting on a thin plate immersed vertically on the gas-liquid interface [28].
Measurement of coupon weight during the immersion stage enables for the deconvolution of the wetted
force and buoyancy force imparted during wetting, which is correlated to the surface tension of the
solvent, contact angle during wetting and the wetted lengths. Fig. 2 shows a perpendicularly submerged
flat rectangular sheet in solvent. Using this process, first a flat platinum plate surface with assumed zero
contact angle and complete wetting in the solvent to evaluate the surface tension of the solvent. The

contact line perimeter of a rectangular plate (L) is calculated as 2(w+f), where w and ¢ represent the width
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and thickness of the plate, respectively. The surface tension force on the plate along the vertical direction

F; , can be expressed as:
F, . =oLcosb, &)

where, o is the surface tension of the solvent and @ is the contact angle.

support rod
R, l pp

L)
Fy
Fou

Fig. 2: Sketch describes the Wilhelmy plate method for contact angle (6) and surface tension force (Fo)
measurement. Coupon fabrication and surface characterization

The wetted perimeter and volume of the coupons are necessary for estimating the value of the effective
contact angle. Mellapak coupon (shown in Fig. 3 (a&b)) was selected to represent the packing materials
used in the structured packed columns. Sheet stocks in 316 SS were purchased from packing
manufacturer to prepare the packing coupons: the Mellapak is from Sulzer Chemtech, USA. Rectangular
coupons with dimension of 2 cm x 2 cm were wire cut from the Mellapak sheet using electric discharge
machining (EDM). For immersion and pulling of the coupon sample, a 4 cm 304 SS wire rod with a 1.145
mm diameter was spot welded to each coupon.

The coupon specimen was imaged using a high-resolution ZEISS Versa 610 X-Ray microscope
with a spatial resolution of 500 nm (Fig. 3). Stacks of 2D slices of the scanned images were exported as

digital image files for 3D geometry reconstruction. Using the in-house MATLAB® code, images were
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postprocessed to extract the volume and wetted perimeter in the direction parallel to the attached rod. The
computed tomography (CT) image, sliced in the x-y plane, has an isotropic resolution of 0.02 mm per
pixel. Each coupon sample consists of 1018 two-dimensional slices, each with a resolution of 1024 x
1024 pixels. The larger surface feature (> 0.10 mm) of coupons is fully resolved by XCT while retaining

all of the geometry's finer details.
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Y
) )

PN NN L%70=¢_
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\W/\/\Un820mm

[3] 22:824mm
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Fig. 3: (a) Scanned image of the Mellapak coupon. (b) Length of perimeter at a specific vertical z-
position denoted by the red line in Figure (a).

Detailed methodology and steps for the image reconstruction from the XCT image to the
computer-aided design (CAD) model has been extensively explained in the previous report [31]. The
coupon has a nominal height of 20 mm and a width of 20 mm. A SS rod has been welded at the top of the
coupon to facilitate the conducted dynamic contact angle measurements. The perimeter profile along the

z-direction can be obtained using the reconstructed 3D geometry. The surface normal of the coupon
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undergoes a significant directional change in the vicinity of the hole. The average coupon perimeter is

approximately 45.13 mm, and a width of 22.41 mm.

2.2 Experiment Design and Description
Experimental setup and protocol for the calculation of effective contact angle are extensively explained in
the previous reports [30, 31]. For sake of brevity, experimental design and measurement are briefly
described here. The experimental setup was designed and fabricated to investigate the effects of various
factors such as packing surface design, physical properties of solvent, temperature, CO, loading, and
contact line movement on the contact angle. The experiment was focused to evaluate Mellapak packing
surface structures using aqueous solvent of 30% MEA by weight (30% MEA), NaOH and EEMPA at
different temperatures. The experimental investigations were performed to evaluate the operation of a
CO; capture process, i.e. CO; loading on effective contact angle for EEMPA solvent.

As shown in Equation (1), tensiometer force F; (z) is required to measure surface tension force
F; , and the effective contact angle for a given solvent and solid substrate combination. The surface
tension and liquid density of solvent were measured using a KRUSS tensiometer K100C (KRUSS GmbH,
Hamburg, Germany). Fig. 4 shows that, the tensiometer is connected to a recirculatory bath (NESLAB,
Ex-111), a custom gas manifold, and computer for the data acquisition. The temperature of the solvent
was regulated controlled using control jacket, which is plumbed to the recirculatory bath. To control the
gas concentrations within the sample chamber, the gas supply and vent lines are connected to the back of
the tensiometer. CO, and nitrogen (N,) gases are introduced into the system through an externally

plumbed manifold system.

Before measuring surface tension of solvent, the Wilhelmy plate was cleaned with organic
solvent and deionized water. The coupon sample was then burned to a red-hot temperature to eliminate
any impurities sticking to its surface. A desired amount of CO; is dissolved into the solvent using a

specially built volumetric equipment. The lean and rich solvent compositions estimated during continuous
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capture process are used to determine CO; loadings. To prepare the desired CO, loading for the EEMPA
testing solvent, dry ice was introduced. Initially, the EEMPA solvent was mixed with deionized water.
The mixture was stirred using a magnetic stirrer bar in the glass vessel. The dry ice pellets were gradually
added into the solvent until the increased mass reaches to the desired CO; loading. It is important to note
that majority the dry ice sublimated, and only the mass of the CO, that reacted with the solvent was
evaluated. The loaded solvent was mixed using the magnetic stirrer bar and left undisturbed for 1 - 2

hours until it achieves equilibrium conditions.

Fig. 4: Experimental setup including the KRUSS K100C and its associated setup, a recirculatory bath, gas
manifold, and instrument laptop. Surface tension measurement using the Wilhelmy plate method
with the gas flow through the gas enclosure

The advanced software supplied with the tensiometer includes modules for measuring surface

tension using the Wilhelmy technique, solvent density, and dynamic contact angle, etc.

2.3 Effective contact angle for the Mellapak Coupon
As explained earlier [30], the surface tension value of the 0.10 M aqueous NaOH solvent was modified

with surfactant. The Mellapak coupon was first tested at temperature of 25 °C with three solvents i.e.
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aqueous NaOH, aqueous MEA and water-lean solvent EEMPA. As shown in Fig. 5, the value of effective
contact does not change significantly with the variation of surface tension value of all solvents. The
effective contact angle remains nearly constant due to surface texture and perforation holes of Mellapak
sheet. Next, aforementioned solvents and aqueous NaOH with varied surfactant concentrations were
tested on the Mellapak coupon (Fig. 5). The coupon showed marginal impact on contact angle regardless
of solvent surface tension value. This observation is counterintuitive to literature for contact angle
measurements (performed on a goniometer) on smooth and flat surfaces, which demonstrated a direct
correlation with surface tension of solvent. The disparity between the present observation and previous
literature was due to (1) the lack of surface textures in previous experiments (2) the dry surface condition
sample during experiments, and (3) the methodology for measuring contact angles (static versus
dynamic). The same experiments were repeated for dry coupon, and the observed results revealed the
impact as a function of surface tension value. However, this impact was observed to be marginal. This
observation showed that the surface textures play a dominant role in decreasing the contribution of
surface tension to wetting behavior. To verify this uniquely observed behavior, control tests were
performed in the same protocol with a flat smooth coupon of the same material composition without any
surface features/textures. In this case, a higher surface tension solvents showed larger contact angles. This
verifies the assumption that the surface textures of representative packing material of Mellapak 250.Y
have no substantial impact surface tension on contact angle. Indeed, the influence of surface texture on
wetting of flat sheet was investigated by Iso and Chen [32], and found that the lateral texture improves the
sheet wetting.  Further, contact angle was also calculated for different CO, and water loadings on
EEMPA. The water loaded EEMPS shows the slightly lower value of the contact angle whereas the CO2
loaded solvent shows higher value of contact angle. However, all solvents show approximately constant
value of the contact angle. This measured value of the contact angle will be further used for interfacial

area prediction in CFD simulations.



19

NETL Milestone Report
80
§ 0.1M NaOH
& 30% MEA
70 | Pure EEMPA
§ 2%w, 0% CO,
60 [ $ 4.5%w,0%CO,
— 4.5%w, 5% CO,
o 501
o0 Room Temperature 25 °C
= CO, loaded
< 40 EEMPA
3]
8
c {
S 30
U *
20} \ I T
o 0,
i NaOH with T . 30% MEA 0.1M NaOH
107 H,0 30ppm  NaOH with without
loaded ~ Surfactant  1ppm Surfactant
o EEMPA Surfactant | . |
20 30 40 50 60 70 80

Surface Tension (mN/m)

Fig. 5: Effective contact angle distribution for the Mellapak coupon at 25 °C for different solvents.

2.4 Effect of temperature on contact angle

The corrected surface tension force for the Mellapak coupons were calculated first and contact angles
were calculated using the intersection method. It should be noted that a packed column exhibits different
temperatures at depending on the inlet flue gas temperature as well as packing stages. Indeed, temperature
varies axially along the height of the packed column, thereby packing stages has different temperature in
the column. Because physical properties of solvent vary with temperature, variation in the value of
contact angle is expected. Accordingly, the contact angle of the EEMPA solvent for the Mellapak coupon
was examined at three temperatures (25 °C, 40 °C, and 60 °C). In Fig. 6, it can be observed that the
contact angle increases with increased surface tension value. Further, contact angle decreases with
increasing temperature value. This is somewhat expected given that surface tension of solvent decreases
as solvent temperature increases. Next, regression analyses were performed to derive a correlation for the
variation of the contact angle with solvent temperature (Fig. 6). This correlation will be employed in the
surrogate modeling for interfacial area and computation of the interfacial area in process modelling at

different stages of column packing in pilot scale testing.
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Fig. 6: Variation of the contact angle with surface tension of EEMPA at different temperatures. Fitting of
contact angle with surface tension shows a linear fitting at temperature included.
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3. Computational Modeling

3.1 Mathematical formulations

Multiphase flow simulations were conducted using STAR-CCM+ [33] to investigate the hydrodynamics
of the Mellapak 250.Y structure packed column. The VOF method [34] is chosen in the multiphase flow
simulations, which is based on a single-fluid formulation and suitable for the stratified flow studies. The

governing equations are as follows:

V-u=0, @
a(gu) +V-(puu) =—Vp+ﬂv'[vu+(V“)T}+pg+v'(_p“'“')JrF’ @)

Here, u is the velocity, p is the pressure, g is the gravity, and F is the interfacial tension force. The terms

p and u are phase averaged value of density and viscosity, respectively. The term—pu’u’ in Equation (2)

is the Reynolds stresses and Boussinesq hypothesis [35] was used to correlate the Reynolds stresses to
the mean velocity gradient:

—pu'u'=‘r=2ytS—§ka 4)

where, g, is the turbulent viscosity, £ is the turbulent kinetic energy, I is the identity tensor, and S is the
strain rate tensor defined as: S = %[Vu + (Vu)T] .

The continuous surface force method [36] was used to calculate F at the gas-liquid interface:

PKV o
%(pz +pg)

where, o is the surface tension, a is the volume fraction of the primary phase that varies from 0 to 1, and

F=0 ®))

Va represents the direction vector at the interface. Subscripts / and g denote the liquid and gas phases
respectively. The curvature x is the local curvature of the interface, which is computed as the divergence
of the unit normal (n = Va/|Val):

k=V-.n (6)

The interface between the phases is captured by solving the transport equation of volume fraction.



22
NETL Milestone Report

%—(:+V-(ua)+v-(uca(l—a)):0 (7)

The last term in the left side of the equation (7) functions only proximately to the gas-liquid interface to
prevent the interface smearing. u, (= Cy X |ul Iz_zl) is the sharpening velocity, and C, is sharpening

factor.

3.2 Turbulence Modeling

The flow in the packed column is considered to be turbulent because of its complex geometry, and chaotic
flows departing from the Darcy flows [37, 38]. For additional closures of turbulence, the two-equation
Shear Stress Transport (SST) k — w turbulence model [39] is used, which is appropriate for modeling
turbulent flow in the packed columns [40-44]. The following are transport equations for the SST k — w

turbulence model:

a(a/;k) +V-(puk) = P+V-[(u+0,) VK]~ pff ok + 5, ®)
0
(gw) +V-(pua) =%P—pﬂfﬁw2 +V-[(u+o,u)Veo]+s, ©

where, ® is turbulent dissipation rate per unit turbulent kinetic energy (w = €/k). P is the

production limiter that is calculated as follows:

P=min(R,, 10pfka) (10)

Py is the production rate of the turbulent kinetic energy due to the mean velocity gradient and is

calculated as:
P =71:Vu (11)

ox and o, are the inverse of effective turbulent Prandtl numbers for the k and ® equations, respectively.
The eddy viscosity (u;) is computed as:

pak
= 12
H max (a,0,SF, ) (12)
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where, S is the magnitude of strain rate tensor computed as S = v2S:S. The value of empirical constants

used in the equations (7 — 11) used are values specified by Menter [39].

3.3 Solution Scheme

The transient multiphase flow simulations were carried out using the implicit time integration scheme that
comprises several inner iterations in a single time step to achieve convergence. The segregated solver was
used in the flow simulations that uses the pressure-velocity coupling method to satisfy continuity by
solving the pressure correction equation. The pressure-velocity coupling was achieved by using a
predictor-corrector approach using the SIMPLE algorithm [56]. The second-order upwind scheme was
used in the spatial discretization of all equations. The simulations use an algebraic multigrid method
(AMG) linear solver with Gauss-Seidel relaxation scheme for faster convergence of each transport
equation. High-resolution interface capturing (HRIC) with the capability of capturing sharp interfaces is
used in the convection scheme of the transport equation of volume fraction [57]. The flow simulations
required very small time step (At~ 107° — 10 *sec) to satisfy the Courant—Friedrichs—Levy (CFL)

conditions according to value of the Courant number as 0.50 for the stable and converged simulation.

3.4 Design of experiments (DOE)

As mentioned earlier, prediction of the effective mass transfer area in the structure is complex quantity
because it depends on various factors such gas load, liquid load, contact angle, physical properties,
contact angle, etc. To understand the impact of these various factors, design of experiments (DoE) was
employed. DoE strategy enables adaptive learning based on results outcome while simulation is being
run. DoE model enables to include the strategy to design the simulation campaign with greater flexibility,

allowing for the selection of the most relevant parameters.

The input parameters potentially affecting the interfacial area, namely solvent velocity

u,, representative as liquid load (q, = 3600u;, m3/m?h), gas velocity ug, representative of gas load

(Fg = ug+/pg), contact angle 6, solvent viscosity L; and surface tension o, and solvent density p;, are
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selected in DoE to compute the individual impact on the interfacial area in the structured packed column.

The range of parameters used in the DoE are presented in Table 1.

Table 1: Range of parameters used in the DoE for CFD simulation campaign.

Parameters Unit Range
Solvent velocity (u;) m/s 0.0008 — 0.028
Gas velocity (ug) m/s 0.36 —2.20
Solvent viscosity (p,) Pa:s 0.0005 -0.05
Solvent density (p,) kg/m’ 940 - 1050
Surface tension (o) N/m 0.01-0.10
Contact angle (6) ° 2-90

DoE systematically examines the significant impact of the six input parameters in the sample shown in

Table 1 using Latin Hypercube Sampling (LHS) [33]. LHS is a widely used approach for generating

controlled random samples that is more efficient than the standard Monte Carlo method. In the LHS,

each input parameter is grouped into N equal strata and parameter is sampled once in each stratum. The

aforementioned six input parameters are then randomly combined using the generated LHS samples. The

LHS covers the space of each input parameter uniformly without increasing the number of designed sets.

A total number of 300 CFD simulation runs were designed for countercurrent flow in the structured

packing unit. The detail of the design is ploFig. tted in Fig. 7. These ranges of the physical properties

cover the solvents such as aqueous solvent, such as Sodium Hydroxide (NaOH) [34], aqueous

Monoethanolamine (MEA) [35]-[38] as well as water lean CO,-Binding-Organic-Liquids (CO,BOL)

solvent [18], [39], [40], commonly used for CO, capture process.
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Fig. 7: Visualization of input parameter distributions sampled with Latin hypercube method.

3.5 Parameter sensitivity analysis

The sensitivity score is computed using the fitted MARS model [45]. Method for the computation

of sensitivity score for different parameters influencing the effective mass transfer area are extensively

presented in our previous work [46]. Therefore, it is not explained here for the sake of brevity. Fig.

8 shows the relative significance of the included input parameters based on the computed sensitivity

scores. The figure shows solvent velocity, surface tension, gas velocity and contact angle as the most

influential parameters impacting the interfacial area. They account for nearly 99% of the variability in the

interfacial area prediction. The solvent viscosity and density have the least effect on the interfacial area in

the structured packed columns. The ranking of these input parameters in the Pareto plot informs the

selection of the input parameters for the development of surrogate model for interfacial area. As seen in

the Fig. 8, variation of the solvent density has the least impact, therefore, it was not included in the

surrogate model development.
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Fig. 8: Pareto plots show the influence of u;, ug, 8, 0, u;, and p,; on the interfacial area in the structured
packed column.
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4. CFD simulations and Surrogate model

4.1 Computational domain and Meshing

We perform flow simulations for calculating effective mass transfer area in the Sulzer Mellapak 250.Y
packing (Fig. 1). Similar to the previous studies [15, 18, 42], a model of the computational flow domain
was created by perpendicular arrangement of two corrugated sheets. It consists of three units in both
lateral and flow directions (see Fig. 9 (a)). A 2mm gap was provided between sheets according to
industrial design. Design of the corrugated sheet is the same as the standard design of Mellapak 250.Y
(see Fig. 1 (b) and Table 2), and perforation was excluded in the flow simulation. Previous studies by
Green et al. [47] suggested that liquid films cover holes for the majority of the operated liquid loads, and,
eventually, it leads to minimal area loss. Therefore, results for sheets without perforation would not be
significantly different from perforated ones. A schematic of the computational flow domain is presented
in Fig. 9(a). The computational flow domains were extended at bottom and top as well. The top extended
section includes liquid distributor that contains 64 dripping points that have diameter of 4 mm and 15
mm. The bottom extension aid in specification of boundary conditions for smooth convergence and stable
simulations. Furthermore, simulation results in the packed column will only be assessed in the region
consisting of packing sheet.

Table 2: Design of the corrugated sheet used in packing unit Mellapak 250.Y packing.

Parameters Dimension
Corrugation angle (o) 45°
Channel base (B) 26.70 mm
Channel height (/) 12.00 mm
Channel side (s) 17.00 mm
Specific Area (ap) 250 m?/m3

Due to the complex model of the packed column and complex flow regime (in particular,
corrugated sheets comprised of inclined triangular channels) modeling the computational flow domain is
challenging. The model of flow domain was created in the STAR-CCM+ using the dimensions provided

in Table 2 (see Fig. 9 (a)). Meshing of the domain, one of the crucial steps affecting stability and accuracy
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of the results, was also performed in STAR-CCM+. To capture hydrodynamics of the countercurrent flow
accurately and efficiently, flow domain was discretized with nonuniform mesh. As shown meshing of
flow domain in Fig. 9(b), the mesh near the sheets was generated using prism layer meshing (similar as
boundary layer mesh) scheme. Liquid film appears near the wall therefore, it requires very fine mesh.
Inflexion regions of the triangular channels were also refined to capture the hydrodynamics. Further, the
gradient based polyhedral mesh was used to discretize the reaming region of the flow domain.
Subsequently, the size of mesh proximate to the prizm layer is smaller than the mesh in the center of
domain (see in Fig. 9(b)). Note the center of domain does not actively contribute to transport phenomenon

of interest. Subsequently, 2.0 million cells in the flow domain were obtained after grid convergence tests.

(b)

Fig. 9: (a) 3D view of the computational flow domain of REU shows the countercurrent flow direction of
gas and solvents. The periodic boundary (depicted in light yellow color) is specified along all
vertical sides of the domain. Liquid is fed via dripping points (tiny cylinders) from the top and gas
was injected from the bottom of flow domain. (b) Meshing of the flow domain shows the
polyhedral cells used in flow domain and very fine mesh near the sheet (appearing black dark lines
due to high mesh density) where gas-liquid interface is expected to exist

The solvent enters in the flow domain via dripping points and exits from the bottom due to
gravity (see orange colored rectangular plane in Fig. 9(a)). In the simulation, the sheet was set as no-slip

walls with the specified contact angle measured using the modified Wilhelmy plate method. All four
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vertical sides of the flow domain were specified as periodic boundary that allow flow to cross and reenter
in the flow domain through lateral boundaries (side walls). The bottom of the flow domain was set to
pressure outlet boundary with atmospheric condition. The uniform inlet velocity was specified at the
solvent inlet at the dripping points at the flow domain. Positive (solvent inlet at dripping point) and
negative (gas at the top) values of the velocity were specified to impose countercurrent flows. Similar

boundary conditions for liquid and gas inlets were previously used in such flow simulations [13, 16, 20,

48].

Flow simulations were terminated when the normalized interfacial area in the column reaches
pseudo-steady state (see Fig. 10 (b)). The results were then further investigated, and a surrogate model
for interfacial area was developed. Time required to achieve the pseudo-steady state depends on solvent
properties, contact angle, gas, and liquid loads, etc., and vary case by case. The time to achieve pseudo-
steady takes at least 3-4 seconds (Fig. 10 (b)). Subsequently, flow simulations were expensive, e.g., a
single simulation takes couple of days of wall clock time using 192 cores on Pacific Northwest National

Laboratory (PNNL) supercomputers.
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Fig. 10: (a) Snapshot for the evolution of interface in structured packed column. (b) Temporal evolution

of the normalized interfacial area (a;) in structured packed column. the pseudo-steady state is
considered when value of the normalized interfacial area becomes nearly constant.

4.2 Comparison of CFD predicted interfacial area with experiments.

Preliminary flow simulations were carried out to validate CFD prediction, demonstrating
reliability and accuracy of the flow prediction. Accordingly, predicted effective area are compared to
experimental data to validate the VOF simulation framework for computation of effective area in
Mellapak 250.Y packing [9]. Tsai et al. [9] measured the effective mass transfer area of Mellapak 250.Y

packing having 0.46 m and 0.427 m outer and inner diameters, respectively. 0.1M aqueous solution of
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NaOH was used as solvent. Air was introduced from the bottom of the packing and air velocity was in the

range of 0.50-1.50 m/s.
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Fig. 11: Comparison of the predicted effective area with experimental data by Tsai et al. [8] at different
solvent velocity, u;, (liquid loads).

The predicted effective area was computed for different values of surface tension, solvent
velocities, viscosity and two gas velocities. Fig. 11 shows the comparison between CFD predicted
effective area and the experiments. As expected, effective area increases as liquid loads increase for both
methods for all cases. The predicted effective area (a;) matches well with the experimental data for all
cases. A discrepancy is found at higher velocity for case with high surface tension value; otherwise, both

show good matching.

Over the last decade in CCSI, we have reported a series of validation efforts for prediction of free

surface flows (rivulet, film flow, droplet) against corresponding experimental results in various
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configurations (i.e. bottom up approach) of packed column using VOF method [20, 24, 28, 48-51]. For a
film over a smooth inclined plate [24], predicted wetted area and film thickness using VOF method were
found to match well with the experimental results of Hoffmann et al [52] and Nusselt theory [53],
respectively. VOF simulations for rivulet falling over an inclined plate were also validated against in-
house experiment at PNNL for water and silicon oil [5S0]. The predicted braiding and meandering
instabilities in the water rivulet were observed to be consistent with experiments. Subsequently, the
wetting of a corrugated sheet of Montz packing matched qualitatively well with experiments of
Subramanian and Wozny [14] for three solvents [28]. Recently, validation of multiphase flow simulations
for a 3D printed Schwarz packed columns was extensively reported [48]. It would be worth noting that
the VOF method has been successfully used in similar flow studies by many researchers for reactive mass
transfer in a two-phase flow system [54-57]. Therefore, it can be concluded that the VOF method is an
appropriate method to investigate the hydrodynamics and effective mass transfer area in structured

packed column.

4.3 Development of Surrogate model

The surrogate model for the effective area was developed using FOQUS [58], a computational
framework developed under CCSI for Optimization and Quantification of Uncertainty and Sensitivity. To
develop a surrogate model for predicting interface area with the input information of solvent flow rate,
gas flow rate, surface tension, contact angle, and liquid viscosity was selected. These five quantities were
selected based on the outcome of sensitivity analyses. The surrogate model can be integrated into Aspen+
model directly as a .dll FORTRAN subroutine. As mentioned earlier, a comprehensive and extensive
CFD simulations campaign was performed to predict the interface area under different combinations of
the five factors (solvent flow rate u;, gas flow rate u., surface tension g, contact angle 6, and liquid

viscosity y; ), as shown in Fig. 12.
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Fig. 12: Parity scatter plot for training accuracy vs testing accuracy of the surrogate model for interface
area prediction.

The obtained CFD data for interfacial area is then fitted with a proper fitting function to

reproduce interface area’s dependency on the five factors: specific area a; = f (uy, ug, 0,0, uy). 80% CFD

data (shown by blue circle) is used to train the surrogate model, while 20% (depicted by the brown circle)

is used to test its reliability when applied to new cases, as seen in Fig. 13.

Design

Surface
tension sigma

Contact Anlge CA |CFD_ai [m2/m3]

ulL [m/s] uG [m/s] Viscosity mu_L [Pa|[N/m]
1 1.49E-03 1.175499094 0.023401693 0.098583453 71.09
2 1.01E-02 1.488005879 0.013453918 0.079459361 16.33
3 2.20E-02 1.38232513 0.025884167 0.077178727 44.6
4 9.46E-03 1.005498878 0.039589923 0.011489487 78.61
5 4.92E-03 1.363206582 0.009560703 0.076335761 77.2
6 2.26E-02 1.790884988 0.024900201 0.035950652 63.61
7 1.34E-03 0.970302457 0.038253195 0.032198636 66.63
8 1.89E-02 2.070127827 0.038923688 0.034575202 83.44
9 0.021223146 1.717312085 0.014634644 0.078037645 15.09
10 0.0235512 1.342458728 0.003567398 0.031247034 28.78
11 0.016253773 0.987020456 0.047013131 0.022689393 61.16
12 0.025318521 1.824955495 0.03548356 0.056044129 20.31
13 0.011568695 2.097521204 0.042916848 0.050242369 56.8
14 0.00928497 1.356676465 0.026376328 0.02811221 20.94

Fig. 13: Snapshot of the CFD database for interface area prediction based on five variables.
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4.4 Comparison of surrogated and CFD predicted interfacial area

After development of the surrogate model, the interfacial area at the same condition (presented in
Fig. 11)was calculated. The interfacial area obtained from the surrogate model was further compared with
CFD predicted value in Fig. 14. A good agreement between both values of the interfacial is found at a

range of solvent velocity.
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Fig. 14: Comparison of the predicted effective area using CFD simulations with corresponding one from
surrogate model at different solvent velocities, u; (liquid loads).

4.5 Uncertainty in surrogate model

The uncertainty of the surrogate model mainly comes from two aspects. One is the fitting error of the
surrogate model itself when fitting to CFD data. It shows the surrogate model’s fitting error follows
Gaussian distribution, and thus we can theoretically evaluate the potential uncertainty of the surrogate

model and the confidence interval of interface area based on the normal distribution theory, as shown in
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Fig. 3. Based on the fitting condition, we get that the 95% confidence interval of discrepancy of the
predicted specific area is [-0.06, 0.06]. That is, we are 95% confident that the actual specific area is within

[a;-0.06, a;+0.06], where qa; is the specific area predicted by the surrogate model.

Error Distribution vs Gaussian Fit

124 B Error Distribution

— Gaussian Fit

Density

—0.15 —0.10 —0.05 0.00 0.05 0.10
Error

Fig. 15: Fitting error of surrogate model follows the Gaussian distribution.

Another is the uncertainty of contact angle. Since Aspent+ model does not calculate contact angle
explicitly, the contact angle is determined based on a correlation where contact angle is a function of
surface tension only, as shown earlier in Fig. 6. The correlation equation has errors when fitting to

experiment data, which may cause the uncertainty of contact angle calculations.

4.6 Integration of surrogate model in ASPEN Plus

The subroutine predicts the interfacial area using the surrogate model with the inputs of flow rate of
solvent and gas, surface tension, and liquid viscosity, as well as two user-specified parameters &;, §,. The first
parameter &§; specifies the correction term added to contact angle. The contact angle is calculated using the
correlation of the contact angle with contact angle in Fig. 6 as 6, then the user-specified contact angle will be
modified as 8 = 6, + §;. The second parameter &, specifies the correction term added to specific area
considering to the fitting error. The final specific area will be a; + §,, where q; is the specific area predicted

by the surrogate model.
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The final specific area = f (u;, u, a, 0 + 61, 1) + 5.
Eventually, the specific area will be converted to interface area when interfacing with Aspen+.

To use the subroutine of surrogate model for interface area calculation, choose ‘INTFAML’ in the Name box,
as shown in Fig. 16. Note that, two associated real parameters should be specified as a part of inputs of the

subroutine. The first one corresponds to §; while the second one to §,.

| ABSORBER Rate-Based Modeling - User Transport Subroutines « | Energy Analysis +

Mass Transfer | Heat Transfer [ @ Interfacial Area |Hc|clup Degree added to contact angle
(It can be + and -)

-Interfacial area subroutine ———— - Values for parameters
MName INTFAML Integer Real
-MNumber of parameters . 1 5
- 2 0.06
Integer 1
Real 25 “orrection added to specific area (+ or -)

Fig. 16: Snapshot of interface area setup in Aspen Plus.
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5. Conclusion

The post-combustion carbon capture via solvent absorption in a packed column has gained widespread
interest because of its potential applications in the mitigation of CO, emissions from fossil fueled power
plants. CFD modeling of solvent absorption in structured packed column is a multi-scale problem due to
wide range of length scale. It is worth noting that the local hydrodynamics plays a critical role is

determining the overall column efficiency.

The interfacial area, also referred as effective mass transfer area, is an important parameter for
determining the mass transfer for carbon dioxide (CO;) capture via the chemical absorption process in a
packed column, and thus the overall capture efficiency of the packed column. Most of the widely used
empirical and semi-empirical models for interfacial area were derived indirectly through absorption mass
transfer with simplifications based on fast chemical kinetics. A comprehensive unique multiscale
approach to develop a surrogate model for effective mass transfer area in structured packed columns has
developed accounting local hydrodynamics as well as variation in physical properties, and changes in
solid surface characteristics. The effective contact angle on the packing surface, which describes the
packing surface and solvent interaction, was measured using the modified Wilhelmy plate method
accounting the physical properties of solvent, CO, loading, and temperatures. Next, a comprehensive
CFD simulation campaign based on the design of experiments (DOE) were performed to derive a
surrogate model of the effective mass transfer area that takes into consideration the physical properties of

solvent, contact angle, local hydrodynamics, etc.

The developed algebraic surrogate model was integrated into the ASPEN PLUS process
modelling via a FORTRAN subroutine in form of .dll file. The surrogate model integrated into process
modelling considers the effective mass transfer area in order to capture CO, absorption in each stage of
the column. The present multiscale approach has advantage of two-way coupling i.e. interchanging
information both direction: 1, ASPEN PLUS to surrogate model (temperature, physical properties, CO;

loading, etc., at each stage) and 2. Surrogate model computes the effective mass transfer area for
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determining CO, absorption. This unique and promising capability can aid process modeling to

accelerating the carbon capture technology at column scale, particularly supporting large scale pilot

experiments.
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